Ecosystem models are used to understand ecosystem dynamics and ocean biogeochemical cycles and require 11 optimum physiological parameters to best represent biological behaviours. These physiological parameters are often tuned 12 up empirically, while ecosystem models have evolved to increase the number of physiological parameters. We developed a 13 three-dimensional (3D) lower trophic level marine ecosystem model known as the Nitrogen, Silicon and Iron regulated 14 Marine Ecosystem Model (NSI-MEM) and employed biological data assimilation using a micro-genetic algorithm to 15 estimate 23 physiological parameters for two phytoplankton functional types in the western North Pacific. The approach 16 used a one-dimensional emulator that referenced satellite data. The 3D NSI-MEM with biological parameters optimised by 17 assimilation improved the timing of a modelled plankton bloom in the subarctic and subtropical regions compared to models 18 without data assimilation. Furthermore, the model was able to simulate not only surface concentrations of phytoplankton but 19 also subsurface maximum concentrations of phytoplankton. Our results show that surface data assimilation of biological 20 parameters from two observatory stations benefits the representation of vertical plankton distribution in the western North 21 Pacific. 22 23 1
1). The respective parameters for each province were estimated by the 1D NSI-MEM using the μ-GA employed by those 88 in the 3D model. We also conducted model simulations with the similar parameters, as a parameter set for the whole 89 domain, to Shigemitsu et al. (2012) (hereafter 'Default case', Table 1 ). In order to smooth the gap in parameter values at the 90 boundary between the two provinces in Fig. 2 (b) , the parameters were varied as a function of the sea surface temperature 91 (SST) annually averaged for 1998 ( Fig. 2 (c) ) for our 'SST-dependent case' (Table 1 ). The parameters were 92 interpolated/extrapolated according to the following equation:
94
where P (x), P St. S1 and P St. KNOT are ecosystem parameters for a point (x), St. S1 and St. KNOT, respectively. St. KNOT and 95 St. S1 are typical observational points in the subarctic and subtropical regions (green-and yellow-coloured areas in Fig. 2 (b interpolated to the grid (size 1/10° and 1/6°) in the model domain ( Fig. 2 (a) ), and the nitrogen-converted concentrations of 103 both PL and PS were estimated by a satellite PFT algorithm (Hirata et al., 2011) . The μ-GA cost function was defined from 104 the 1998 monthly averaged PL and PS concentrations. Satellite data of the 1998 mean SST from the AVHRR Pathfinder 105 Project (http://www.nodc.noaa.gov/SatelliteData/pathfinder4km/) were also used to conduct our SST-dependent case study 106 using the same interpolation as above.
107
To validate the vertical distribution of the model results, we utilised in situ data of phytoplankton and nutrients at St. KNOT 108 (44° N, 155° E) obtained from the web site (http://www.mirc.jha.or.jp/CREST/KNOT/) (Tsurushima et al., 2002) .
Running the 1D NSI-MEM with the μ-GA, 23 optimal parameters were obtained through the following process:
123
Step 0 Define a range of parameter values (Table 2) based on previous studies (e.g. Jiang et al., 2003; Fujii et al., 2005; 124 Yoshie et al., 2007) and prepare 23 population size being the same number of estimated parameters before running the μ-GA.
125
Step 1 Generate 23 initial random parameter strings using the μ-GA.
126
Step 2 Evaluate the 23 model runs with the different parameter strings using the following cost function:
128
where mi is the modelled monthly mean of phytoplankton type i (i = 1 for PL and 2 for PS) and di is the monthly satellite 129 data of the type i. The index j denotes the number of months (Ni) for which satellite data of type i exists. The assigned 130 weights for PL and PS are σPL = 0.1 μmol/l and σPS = 0.1 μmol/l.
131
Step 3 Determine the best parameter string and carry it forward to the next model run (or the next 'generation') (elitist 132 strategy).
133
Step 4 Choose the remaining 22 strings for re-determination of the best parameter strings (or 'reproduction') based on a 134 deterministic tournament selection strategy (the best string that gave the highest model performance in Step 3 also competes 135 for its copy in the reproduction). In the tournament selection strategy, the strings are grouped randomly and adjacent pairs are 136 made to compete. Apply crossover to the winning pairs and generate new parameter strings for the final 22 strings. Two 137 copies of the same string mating for the next generation should be avoided.
138
Step 5 If the difference between the maximum and minimum cost function values of the populations becomes too small, 139 renew all the parameter strings randomly except for the best-performed string for efficiently escaping from a local solution;
140 the cost function may have local minimums.
141
Step 6 Repeat the procedure from Step 2 to Step 5 until the best parameter strings are un-changed (i.e. parameters are 142 well converged within 2,000 generations (times) in the present study).
143
The 1D NSI-MEM was used as an emulator to determine ecosystem parameters through the process described above, and 144 the parameter sets assimilated by the 1D model with the μ-GA at St. KNOT and St. S1 were applied to the 3D simulations 145 which were conducted as the Parameter-optimised case and the SST-dependent case in Table 1 . and Parameter-optimised cases simulated those from the satellite data as follows: the PS biomass was larger than the PL 150 biomass at both St. KNOT and St. S1, but the relative ratio of PL to the total biomass at St. KNOT was larger than that at St. 151 S1 ( Fig. 3 ). These results are consistent with the general understanding that the subarctic region biomass is larger than the 152 subtropical region biomass. Moreover, diatoms, represented as PL, are a major group in the subarctic region.
153
The seasonal variations of PS in the Parameter-optimised case (dashed lines) for the two stations simulated by the satellite 154 data (solid lines) were more accurate than those in the Default case (dotted lines). There were small seasonal variations with rates (yellow lines) dominate the photosynthesis (Fig 8) . These increased remarkably in the subsurface layer (below a depth 209 of 50 m) because of the parameter optimisation of the potential maximum growth rate (V0) and the affinity (A0) as shown in 210 Table 2 .
211
As a result, the uptake of dissolved iron was improved, particularly in the subsurface layer, leading to an increase of the phytoplankton biomass (Fig. 7 (a) ). The larger biomass of phytoplankton also consumed more nitrate and silicate nutrients 213 resulting in a lower nitrate concentration compared to that in the Default case above a depth of 140 m (Fig. 7 (b) ).
214
The change in the dissolved-iron-limited growth rates resulted from the lower concentration of dissolved iron in the 215 subarctic area (Fig. 9 ) because of the greater consumption of FeD by the phytoplankton compared to that in the Default case.
216
In the Parameter-optimised case ( Fig. 9 (b) Fig. 4 (h) ), and the region adjacent to the 223 Kuroshio Extension (around 40° N during July to October in Fig. 4 (h) ). The former exception is due to the extrapolation of 224 parameters with high SST and the latter is due to smoothing of parameters between the St. KNOT and St. S1 stations. The 225 simulated seasonal variations of phytoplankton concentration in the SST-dependent case are slightly worse than those in the
226
Parameter-optimised case at the two stations ( Fig. 6 ). However, a smoothed set of parameters dependent on the SST prevents 227 the artificial gap of the parameter value at the fixed boundary between the two provinces. , 2015) . In the NSI-MEM, the effect of nutrient-uptake responses by plankton acclimated to different ambient 233 nutrient conditions is applied as an OU kinetic formulation, but the effect of photo-acclimation has not yet been introduced.
234
As a first trial of the 3D NSI-MEM, the effect of the physiological parameter change with time was not included in this study,
235
due to the difficulties and complexities of the scientific interpretation (Schartau et al., 2016) . However, the effects of 236 seasonal variation on the physiological parameters seems significant; thus; the variation effects will be added to the data 237 assimilation process.
4 Conclusions

239
We extended a LTL marine ecosystem model, NSI-MEM, into a 3D coupled OGCM. We also used a data assimilation 240 approach with a μ-GA for two different PFTs in the WNP region: non-diatom PS and PL. Twenty-three parameters in the 241 NSI-MEM were estimated using a 1D emulator with a μ-GA parameter-optimisation procedure, referred to as satellite data.
242
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